Aims/hypothesis This post hoc analysis from the Diabetes Mellitus Insulin-Glucose Infusion in Acute Myocardial Infarction (DIGAMI) 2 trial reports on extended long-term outcome in relation to glucose-lowering agents in patients with myocardial infarction and type 2 diabetes. Methods Patients were randomised as follows: group 1, insulin-based treatment; group 2, insulin during hospitalisation followed by conventional glucose control; and group 3, conventional treatment. Treatment according to the above protocol lasted 2.1 years. Using the total DIGAMI 2 cohort as an epidemiological database, this study presents mortality rates in the randomised groups, and mortality and morbidity rates by glucose-lowering treatment during an extended period of follow-up (median 4.1 and max 8.1 years). Results Follow-up data were available in 1,145 of the 1,253 patients. The mortality rate was 31% (72% cardiovascular) without significant differences between treatment groups. The total number of fatal malignancies was 37, with a trend towards a higher risk in group 1. The HR for death from malignant disease, compared with group 2, was 1.77 (95% CI 0.87-3.61; p=0.11) and 3.60 (95% CI 1.24-10.50; p=0.02) compared with group 3. Insulin treatment was associated with non-fatal cardiovascular events (OR 1.89 95% CI 1.35-2.63; p=0.0002), but not with mortality (OR 1.30, 95% CI 0.93-1.81; p=0.13). Metformin was associated with a lower mortality rate (HR 0.65, 95% CI 0.47-0.90; p=0.01) and a lower risk of death from malignancies (HR 0.25, 95% CI 0.08-0.83; p=0.02). Conclusions/interpretation Patients with type 2 diabetes and myocardial infarction have a poor prognosis. Glucoselowering drugs appear to be of prognostic importance. Insulin may be associated with an increased risk of nonfatal cardiac events, while metformin seems to be protective against risk of death.
Introduction
Despite efforts to decrease macrovascular complications and their prognostic implication in patients with diabetes there are still unresolved issues. Patients with diabetes and coronary artery disease benefit from evidence-based treatment such as statins, platelet-stabilising drugs, betablockers and revascularisation to an even greater degree than patients who are free from diabetes [1] [2] [3] . In contrast, when it comes to hyperglycaemia, 'the hallmark of diabetes', uncertainties remain. Diagnostic glucose levels are based on the risk of microvascular complications [4] , but treatment targets for the prevention of macrovascular disease and best management to reach these targets are still being debated, especially in patients with established macrovascular complications [5, 6] .
Recent studies have indicated that not only glucose control as such, but also how it is accomplished, i.e. the rapidity of agent action and which class of drugs to use, impact on the prognosis. Some glucose-lowering drugs, for example thiazolidinediones, have been related to negative cardiovascular effects, in particular those increasing the risk of heart failure [7] [8] [9] [10] . Exogenous insulin has been related to an increased risk of malignancies in some [11, 12] , but not all [13, 14] studies, while metformin has been claimed to be protective in this respect. These data are mainly based on registries and are accordingly in need of further confirmation.
In the first Diabetes Mellitus Insulin-Glucose Infusion in Acute Myocardial Infarction (DIGAMI 1) Study [15] , an insulin-based compared with conventional glucoselowering management improved survival in patients with acute myocardial infarction and type 2 diabetes. The benefit of insulin treatment was not confirmed in the second DIGAMI trial (DIGAMI 2) [16] . In the latter study, patients with type 2 diabetes and acute myocardial infarction were randomised to three different glucoselowering strategies with no significant differences in the total mortality or cardiovascular morbidity rates between treatment strategies. The interpretation of the discrepant outcomes of DIGAMI 1 and 2 was that, in contrast with the first study, there was no difference in glucose control between the treatment arms in the second trial. Indeed, there was a trend towards diverging mortality and morbidity rates to the benefit of patients without insulin treatment by the end of DIGAMI 2. A subsequent report from this trial [17] , focusing on the actual glucoselowering treatment, reported a higher rate of non-fatal reinfarction and stroke among patients receiving insulin. There was also a higher rate of death due to malignancies in the group randomised to insulin [16] . These findings prompted investigators to study whether the outcome pattern would be sustained after a longer period of followup, not the least in light of recent concerns regarding some glucose-lowering drugs.
The aim of the present post hoc exploratory analysis of an extended follow-up of the DIGAMI 2 trial was to report on mortality rates in the original, randomised groups and mortality and morbidity in relation to glucose-lowering agents, using the total cohort as an epidemiological database.
Methods
Patients DIGAMI 2, a prospective, randomised open trial with blinded evaluation, compared three different management strategies in 1,253 patients with type 2 diabetes and suspected acute myocardial infarction [16] . The inclusion criteria were type 2 diabetes (established or admission blood glucose >11.0 mmol/l) and hospitalisation due to suspected acute myocardial infarction on the basis of chest pain >15 min during the preceding 24 h and/or recent ECG signs (new Q-waves and/or ST-segment deviations in two or more leads). Exclusion criteria were inability to cope with insulin treatment or to receive information on the study, residence outside the hospital catchment area, participation in other studies or previous participation in DIGAMI 2.
Of the included patients, 84% fulfilled the diagnosis of myocardial infarction and almost all remaining patients had coronary artery disease, mostly presenting as unstable angina pectoris.
When the original study ended in December 2003, all centres were asked for additional information on their DIGAMI 2 patients for the period until December 2005. Details requested included vital status, cause and date of death when applicable, and occurrence of myocardial infarction or stroke (yes/no). Data were collected by a case record form submitted to the central study office, accompanied by relevant extracts from hospital records and death certificates. Long-term follow-up data were available in 1,145 patients (91%) of the original cohort (n=1,253). These patients were distributed in the original treatment groups as follows: group 1, 431 patients (91% of all patients in group 1); group 2, 441 patients (93%); and group 3, 273 patients (89%). A diagram, explaining the composition of the different patient cohorts is presented in Fig. 1 .
Alive at discharge n=1,181
Long-term follow-up n=1,145
Alive at discharge n=1,073
(basis for analysis of mortality and morbidity in relation to glucose-lowering therapy)
Total DIGAMI 2 cohort n=1,253
(basis for analysis of mortality in relation to randomisation)
Lost to follow-up n=108 (8.6%)
Fig. 1 Flow diagram of how the different groups of patients were selected
Treatments Glucose-lowering treatment The patients were randomised to one of three study arms receiving treatments as follows. Group 1 received insulin-glucose infusion [15] , which was intended to decrease blood glucose as fast as possible and keep it between 7 and 10 mmol/l. The infusion lasted until stable normoglycaemia and at least for 24 h, and was followed by subcutaneous insulin-based long-term glucose control. Insulin was administered as short-acting insulin before meals and intermediate long-acting insulin in the evening with a treatment goal of fasting blood glucose 5 to 7 mmol/l and non-fasting glucose <10 mmol/l. Group 2 received the same initial treatment as group 1, followed by glucose-lowering treatment according to local practice without a protocol-stated target glucose. Group 3 received glucose-lowering treatment according to local practice.
Concomitant treatment
The protocol stated that the use of concomitant treatment should be as uniform as possible and emphasised that all patients without contraindications should receive evidence-based treatment according to international guidelines for acute myocardial infarction [18, 19] .
Events
The original primary endpoint was death [16] . Other outcomes were non-fatal reinfarction and stroke. During the original period of follow-up all events were verified by an independent Adjudication Committee. Events during the extended follow-up were adjudicated by two of the present investigators (L. Rydén, L. G. Mellbin) by scrutinising copies of relevant parts of the hospital records and/or death certificates. Both investigators were blinded to treatment group status of patients.
Ethical considerations
The study conformed to good clinical practice guidelines and followed the recommendations of the Helsinki Declaration. Local Ethics Review Boards approved the DIGAMI 2 protocol. Written informed consent was obtained from all patients prior to enrolment.
Statistical methods
For comparison between randomised groups the χ 2 test was used for non-ordered categorical variables. The Cox proportional hazards model was the basis for analysing mortality and is presented as HR and 95% CI.
To make the relation between mortality counts and follow-up time more transparent, Kaplan-Meier mortality estimates at a fixed time point (5 years after randomisation) are presented in Table 1 . Crude mortality rates are presented in electronic supplementary material (ESM) Table 1 .
Logistic regression analysis was used for non-fatal events since the dates of these events were unavailable during the period of extended follow-up. The accuracy of logistic analysis was verified vs the Cox proportional hazard model for mortality rates. The effects of insulin treatment on non-fatal and fatal events, as presented, are based on results from the logistic analysis. In the multivariable models predicting endpoints, the following covariates were adjusted for: sex, age, smoking habits, previous myocardial infarction or previous congestive heart failure recorded at time of hospital admission, creatinine at randomisation, percutaneous transluminal coronary angioplasty or coronary artery bypass grafting during hospitalisation, and blood glucose at randomisation. These were selected as those remaining as significant covariates in multivariable models predicting endpoints in the previous report on the impact of glucose-lowering treatment in patients discharged from hospital [17] . In the logistic regression models, metformin was added as a covariate. Body weight (BMI) was not a significant risk factor for fatal or non-fatal events [20] and was not therefore included as a confounder. In the Forest plot ( Fig. 2) , glucose-lowering agent (i.e. insulin, metformin and sulfonylurea) and blood glucose were used as time-dependent (updated) variables in a Cox timedependent model. The use of drugs was updated at each visit until the last one, which either preceded an event or was the close-out visit at the end of the initial period of follow-up. In the present study, updated information is denoted 'most recent exposure to a drug'. This ascertained that drugs added or excluded during the period from hospital discharge to the end of 2003 were taken into account when looking at the impact of therapy. During the extended follow-up the last updated value from the close-out visit was kept constant, since no further information was available on glucose values or changes in treatment. Updated blood glucose was expressed as the average of all glucose values from the time of hospital discharge until the end of the original follow-up. No interaction terms were used due to limited power.
Kaplan-Meier curves for mortality, using randomised treatment groups as strata, are presented for illustration purposes (p value=log-rank test for trend; Fig. 3 ). Since multiple comparisons were performed, the two-sided p value for significance was adjusted to 0.025. All statistical analyses were performed by SAS version 9.2 (SAS Institute, Cary, NC, USA).
Results

Patient population
The baseline characteristics of the original cohort of 1,253 patients have been presented in the original publication [16] . Table 2 presents baseline characteristics, including pertinent biochemical and clinical data, at the time of randomisation and at discharge for patients who survived the hospital phase and for whom long-term follow-up data were available (n=1,073). Patients were followed for a maximum of 8.3 years (median 4.1; interquartile range 2.6-5.4).
The distribution of glucose-lowering treatment at discharge and at the last visit in the study, including the last visit preceding death for deceased patients, is outlined in Table 3 . During the study period, the use of insulin decreased in group 1 and increased in groups 2 and 3. The use of oral glucose-lowering drugs increased in all groups, most noticeably in group 1 with a doubling in the use of metformin. By the end of the original follow-up, 13.4% were not receiving any glucose-lowering agent, with the highest percentage in group 3.
Mortality rates in relation to randomisation
Of the 1,253 participants randomised, 389 (31%) patients died, the majority 278 (22%) of cardiovascular causes (Table 1, ESM Table 1 ). Cox regression analysis did not show any difference in total or cardiovascular mortality rates between the three groups, although non-cardiovascular deaths were more common in group 1 than group 2, HR 1.84 (95% CI 1.08-3.13; p=0.03). The Kaplan-Meier curves for total mortality rate by group from randomisation are presented in Fig. 2 .
The total number of deaths due to malignant diseases was 37 (9.5% of all deaths). The risk was highest in patients randomised to long-term insulin (group 1). The HR comparing groups 1 and 2 was 1.77 (95% CI 0.87-3.61; p=0.11) and 3.60 (95% CI 1.24-10.50; p=0.02) comparing groups 1 and 3.
Mortality and morbidity rates in relation to glucose-lowering therapy
In the logistic analysis, insulin treatment was accompanied by a higher risk of non-fatal events (myocardial infarction n=192; stroke n=69) and the combination of fatal and non-fatal events. The adjusted impact of insulin treatment on mortality and morbidity rates in patients discharged alive (n = 1,073) is presented in Table 4 .
Comparison of all patients on insulin at discharge with patients not on insulin revealed that the former had a higher risk of non-fatal cardiovascular events (OR 1.89, 95% CI 1.35-2.63; p=0.0002) but not increased mortality (OR 1.30, 95% CI 0.93-1.81; p=0.13). This finding remained valid when comparing patients who were prescribed new insulin during the index hospitalisation and those without Fig. 2 Total mortality rate in groups 1, 2 and 3; p=0.47 (log rank test for trend). Continuous line, group 1; dotted line, group 2; dashed line, group 3 such treatment. Total mortality rate was not increased whether insulin was newly prescribed or not ( Table 4) .
As depicted in Fig. 2 , recent exposure to metformin was associated with a lower total mortality rate (HR 0.65, 95% CI 0.47-0.90; p=0.01) and also a lower mortality rate from cancer (HR 0.25, 95% CI 0.08-0.83; p=0.02). The HR for recent metformin with insulin as a covariate was 0.29 (95% CI 0.09-0.97; p=0.044). The corresponding relations for recent insulin and cancer mortality rate was 2.05 (95% CI 0.95-4.43; p=0.07) without and 1.64 (95% CI 0.74-3.61; p=0.22) with metformin added as a covariate.
Discussion
In this observational analysis the long-term mortality in patients with type 2 diabetes and myocardial infarction is very high. Our analysis suggests that long-term, insulin-based therapy may not only be linked to an increase in non-fatal cardiovascular events, but also to more non-cardiovascular deaths. In contrast, metformin seemed to bring prognostic benefits in both these respects.
The main reasons for this extended follow-up of the DIGAMI 2 trial, as outlined in the Methods section and already planned when the original period of follow-up ended, was to further study the cardiovascular outcomes in these patients. The need for prolonged observation was underlined by the observation that chronic insulin therapy seemed to increase and metformin to decrease the number of non-fatal cardiovascular events, albeit at the time without any impact on mortality rates [17] . Moreover, the original data indicated a higher number of deaths from malignant disease among patients in the original group 1 (long-term insulin), another important reason to extend the observation.
The present cohort should be representative of patients with type 2 diabetes and myocardial infarctions, considering that the DIGAMI 2 trial had very few exclusion criteria, that no patient was lost in the original follow-up and that this report comprises a very high proportion, 91%, of the original population. Moreover, a large proportion of the patients were prescribed evidence-based pharmacological treatment as early as the time of hospital discharge, a therapeutic strategy that increased over time [16] . Updated information on drug exposure was obtained at follow-up visits after 3, 6, 9 and 12 months, and thereafter every 6th month. Since adjustments of glucose-lowering therapy were relatively limited over time, it is reasonable to conclude that the last visit updating accurately reflects long-term exposure.
The increase in mortality rate from 21% by the end of the initial follow-up [16] to the present 31% shows not only Rates are adjusted for sex, age, smoking habits, previous myocardial infarction or previous congestive heart failure recorded at time of hospital admission, creatinine at randomisation, percutaneous transluminal coronary angioplasty or coronary artery bypass grafting during the hospitalisation, and mean updated blood glucose.
a Number of patients using drug/number of patients not using drug at discharge; b number of endpoints for patients using drug/number of endpoints for patients not using drug that myocardial infarction and type 2 diabetes constitute a very serious combination, but also how difficult it is to improve the prognosis despite frequent use of presently available treatment modes. This assumption is supported by a report on time trends in mortality rates and treatment patterns from the Swedish Coronary Care Registry (RIKS-HIA), where although mortality rates declined at 1 year, they remained considerably higher (20%) in patients with than in those without (12%) diabetes [21] .
The discrepancy between the two DIGAMI trial findings with regard to mortality reduction by insulin-based glycaemic control may relate to the pre-existing conditions at the start of these studies. In DIGAMI 1 [15] , admission HbA 1c decreased by up to 1.5% from a high level (9.1% recalculated to DCCT standard), representing a considerable improvement of glycaemic control compared with that achieved in DIGAMI 2. In the latter study, glucose control was similar in the three treatment arms and failed to reach the treatment goal. Thus the decrease in HbA 1c was only [7] and the Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial [8] , in which mortality rates remained high, despite a more pronounced reduction in HbA 1c than in the present study, tighter glucose control of the rather modest hyperglycaemia in DIGAMI 2 can be argued to have been of limited importance for risk of death. This suggests that it may be too late to expect any major benefits from very strict glucose control in patients who already have established serious macrovascular disease manifestations [7, 8] . In contrast, there is some evidence that tight glycaemic control initiated soon after diagnosis of diabetes is associated with long-term reduction of risk of death and myocardial infarction [22] [23] [24] , especially when combined with multifactorial risk factor management [25] . Observations in patients with myocardial infarction and newly detected glucose disturbances from the Euro Heart Survey on Diabetes and the Heart support this assumption [26] . The extended follow-up of DIGAMI 2 confirms the previous report on increased risk of [17] non-fatal myocardial infarction and stroke in patients on chronic insulin treatment. This finding remained valid in a separate analysis including only patients with newly instituted insulin therapy at discharge, with a majority randomised to such treatment, but it did not translate into an increased mortality rate. It is possible that even longer periods of follow-up are needed until such an effect becomes manifest. In contrast to findings on the impact of long-term insulin, the outcome of metformin therapy was more favourable. In the previous report from DIGAMI 2 [17] on the impact of glucose-lowering therapy, it was noted that metformin treatment reduced the number of non-fatal cardiovascular events (myocardial infarction and stroke), albeit at the time, not that of deaths. Continued observation revealed a significantly lower mortality rate in metformin-treated patients, consistent with other observations of cardiovascular benefits of metformin [24, 27] . In this context, recent observations by Kooy et al. [28] that metformin added to insulin beneficially influenced body weight, glycaemic control and insulin requirement, and also reduced the risk of macrovascular events during a follow-up of somewhat more than 4 years are of interest.
Although the total mortality rate was similar in the three randomised treatment groups, patients randomised to insulin (group 1) had a higher risk of dying of malignant diseases than those randomised to non-insulin-based glucose-lowering therapy (group 3). Although the number of such deaths was small, the difference reached statistical significance. A separate analysis of the impact of long-term insulin treatment revealed a trend towards a higher rate of deaths in malignant conditions, even after adjustment for various covariates. In contrast, patients on metformin had a significantly lower mortality rate from malignancies. Interestingly, the relationship for metformin to cancer was similar with or without insulin as a covariate. This provides added evidence of a potentially preventive effect on cancer by metformin. For insulin, the risk of cancer was attenuated when metformin was added as a covariate. Accordingly, it is possible that the supposed cancer risk from insulin may, in fact, be a loss of the beneficial effect of metformin, rather than an adverse effect of insulin as such. Nevertheless, a potential risk of cancer risk with insulin cannot be excluded and future studies should explore this important suspicion. This question could have been further elucidated if it had been possible to do an interaction analysis. However, to be informative, such an analysis would have required a sample size at least four times greater than the present one. The trend towards a possibility that insulin may be associated with mortality rates from malignancies underlines findings in a recently presented registry study comprising 62,809 patients with diabetes in a UK general practice database. Patients on insulin or insulin secretagogues were more likely to develop solid cancers than those on metformin. Adding metformin to insulin or to sulfonylurea reduced the risk of cancer [12] . It has been suggested that high levels of endogenous insulin, which are common in disorders associated with insulin resistance, such as diabetes and cancer, may impact on the insulin-IGF-1 axis. Thus high insulin levels, at least endogenous but possibly also exogenous insulin, may alter growth signals and cause resistance to apoptosis, predisposing to survival and proliferation of malignant cells [29] [30] [31] . Metformin has been reported to be protective against cancer, for example in a recent observational cohort study from Scotland [32] and in a population-based cohort study using administrative databases from Saskatchewan Health [31] . The beneficial effects of metformin are thought to be mediated via the AMP-activated protein kinase signalling pathway, which plays an important role in cellular growth and energy balance [33, 34] . The present report does not give a clear answer to the question of whether insulin induces cancer or promotes proliferation of already existing malignant cells. Furthermore, since the effects of different glucose-lowering drugs are compared with each other, it is not possible to distinguish whether the observed differences between insulin and metformin are an expression of the negative effects of insulin or of a beneficial effect of metformin. A cautious interpretation of the present data supports a beneficial effect of metformin rather than a negative effect of insulin, although the latter must be kept in mind pending further clarification.
Limitations
The present observation regarding death from malignancies should be treated with due caution. In this context, it should be stressed that patients were not randomised to metformin, and interaction analyses could not be performed due to the small number of events, which also made it impossible to relate mortality rates from malignant conditions to the type of insulin used. Information on non-fatal malignancies would have been useful for further consolidation of the findings. However, an impact on mortality rates from malignancies was an unexpected finding, and detailed information on non-fatal malignant conditions was therefore not a prespecified endpoint in the DIGAMI 2 trial. As already discussed, the data are supported by other reports of similar observations. There are also pathophysiological reasons for assuming that insulin may be harmful and metformin beneficial in this respect. The importance of further study on the relation between different glucoselowering agents and malignant conditions is therefore clearly underlined.
Conclusion
Mortality remains high in patients with type 2 diabetes and myocardial infarction, despite efforts to achieve good glycaemic control and a strong emphasis on use of Values are after adjustment for: use of metformin, sex, age and smoking habits, previous myocardial infarction, previous chronic congestive heart failure, creatinine at randomisation, percutaneous transluminal coronary angioplasty during hospitalisation or before randomisation, coronary artery bypass grafting during hospitalisation or before randomisation, and blood glucose at randomisation Data are presented for all patients on insulin and for those with newly instituted insulin a n=631 patients on insulin at discharge vs n=442 patients without insulin at discharge b n=272 patients on insulin at discharge and not on insulin prior to hospitalisation vs n=440 patients with no insulin at discharge and no insulin prior to hospitalisation evidence-based pharmacological treatment. The drug used for glucose control appears to have an impact on prognosis. Insulin treatment, in particular chronic use, seems to be associated with an increased risk of non-fatal cardiac events and possibly even death due to malignancies, while metformin seems to be protective. These observations cannot be regarded as conclusive, but should encourage further testing in prospective studies, i.e. should be seen as hypotheses-generating.
